The effects of alloying additions on elastic properties of multicomponent Ni solid solutions have been systematically investigated using ab initio density functional theory calculations within the generalized gradient approximation (GGA). An elastic property map involving 60 purposely-chosen compositions including binary, ternary, quaternary and high-order (up to 6) Ni solid solutions has been created. Analyses of the map revealed that alloying additions could enhance elastic moduli up to the quaternary system, beyond which further alloying would slightly weaken elastic moduli. The enhancement of elastic moduli by alloying additions is more evident for lower order systems than for higher order systems. Based on the calculated elastic moduli, the ductile/brittle behavior of the materials has been briefly assessed. The current research has, for the first time, generated a calculated elastic modulus database for Ni solid solutions that could be used for future design of new superalloys.
Introduction
Ni-base single crystal (SC) superalloys, which are used for turbine blades and vanes in advanced aero engines have a characteristic microstructure with cuboidal ' precipitates coherently embedded in the Ni solid solution ( ) matrix [1] . In order to improve hightemperature creep-rupture strength and fatigue life of superalloys, selected refractory elements are added to achieve solid solution strengthening, primarily through the strengthening of the matrix [2] . From the engine design standpoint, elastic properties are also important because they have a major influence on the thermal and mechanical behavior of rotating components [3] . Alloying elements that are typically added into superalloys strongly affect elastic properties of Ni matrix. Assessing the underlying effects in a systematic manner based on the period table is an essential step towards the design of new alloy systems. This paper reports the first systematic ab initio density functional theory [4] calculations of elastic properties of Ni solid solutions with singleand multi-component alloying additions. The alloying elements are 3d, 4d and 5d B-group transition metals in the periodical table, including refractory-, platinum-, noble and other metals. An elastic property-composition map for binary, ternary, quaternary and high order systems has been created, which contains useful information on alloying strengthening effects.
Calculation Methodology
The Vienna ab initio simulation package (VASP) [5, 6, 7] , which is based on density functional theory within the generalized gradient approximation (GGA) [8] , was utilized to calculate the elastic constants and moduli of multi-component Ni solid solutions. The electron-ion interaction is described by an ultrasoft pseudopotentials proposed by Vanderbilt [9] . As elastic constants are derived from the second derivative of calculated total energy, all the essential numerical parameters in the calculations were checked carefully to ensure the precision of the results. In order to achieve a high level of convergence of the total energy, a highenergy cut-off was chosen. The planewave cutoff energy is 290 eV and the convergence of the calculations is within 1~2 meV. The integration in the Brillion zone was performed by using Monkhorst Pack k-points. The elastic constants were found to be almost the same if the k-point sampling was with sets of 6 6 6 and 8 8 8 , in which the latter k-point sampling was used in the calculation. The maximum strain used in the total energy fitting to derive elastic moduli is within 1%.
In principle, according to the definition of a supercell (repeated periodically along 3-dimentions), the calculated results are independent on the selection of cell model size. The lattice constants for Ni solid solutions with alloying additions are determined after the relax of a supercell. In order to investigate the multi-component alloying effect on the elastic properties of Ni solid solutions, a large supercell model has been constructed as shown in Figure 1(a) . To present the mode clearly, the supercell was divided into 8 identical blocks, with each block as a facecentered-cubic (FCC) closed pack sub-unit, as shown in Figure  1 According to the symmetry of the model, the supercell consists of total 32 inequivalent atoms, which are grouped into the numbered grey circles as substitution alloying atoms and open circles as Ni atoms. In order to minimize the interactions between the alloying atoms, the substitutional elements were separated beyond the first nearest neighbor distance. Such an arrangement renders the solid solutions as approximate dilute systems for the binary and ternary systems.The maximum alloying concentration in the model was approximately around 15 at %, with up to five different alloying elements. For Ni solid solutions with a cubic symmetry, there are three independent elastic constants, i.e., C 11 , C 12 and C 44 [10] , which can be determined by introducing tetragonal and trigonal lattice distortions (see the previous publications [11, 12] ). The bulk modulus B can be directly derived from the second derivative of calculated total energy E tot as a function of isotropic volume variation. Using C 11 , C 12 and C 44, the shear modulus G, Young's modulus E, and the Poisson's ratio can be calculated using the Voigt-Reuss-Hill bound formula [13] .
Results And Discussions

Alloying Effect On Elastic Properties
For binary Ni-X solid solutions, two alloying atoms that occupy the numbered 1 and 5 grey circle positions in Figure 1 (a) were added to substitute for Ni atoms. This gave an alloying concentration around 6 at%. The separation between the two alloying atoms was beyond the second nearest neighbor distance to minimize their interactions. Using this model, the effect of (b) Some experimentally measured Young's modulus [14] .
individual alloying elements X on elastic properties of the binary solutions was studied. Figure 2 (a) presents the calculated Young's modulus (E) as a function of the alloying additions from the period table for 3d, 4d and 5d metals. It is interesting to note that all the alloying additions give rise to a common trend with Young's modulus from each of the 3d, 4d and 5d metals yielding a maximum value at a certain B-group element. For 3d transition metals, the maximum E is obtained by V alloying, while for 4d and 5d metals, the maximum E values are generated from Mo and Re alloying, respectively. , a similar trend between our calculations and previous experiments can be observed. The calculated E values are about 10 % larger than those from experiments, probably due to the fact that the experimental materials are polycrystalline and contain defects, while our calculation models represent defect-free single crystals.
It is known that the trend of certain mechanical properties could be estimated to some extent through the analysis of elastic moduli. Pugh [15] proposed that the resistance of a material to plastic deformation is related to the product Gb, where G and b are the shear modulus and Burgers vector, respectively. Furthermore, the fracture strength of a material was assumed to be proportional to the product Ba, where B and a are bulk modulus and lattice parameter, respectively. The ratio G/B then reflects the competition between the shear and cohesive strengths at a crack tip. If G/B < 0.4, the material behaves in a ductile manner; if G/B > 0.5, the material behaves in a brittle manner. For instance, as a typical ductile material Al has a G/B value of 0.37, while as a brittle semiconductor Si has a G/B value of 0.70 [16] . This criterion has been recently applied in the study of brittle vs. ductile transition for intermetallic compounds from first principles calculations [16, 17] . From Table I , alloying element V yields a better ductile effect by lowering G/B value (0.379) compared to other elements. For 5d metals, refractory W achieves a similar ductile effect as V, but Re shows a slightly brittle effect by increasing G/B (0.478). 
A llo y in g e le m e n ts
Elastic properties of multi-component Ni solid solutions have also been calculated and analyzed. The results are presented in Tables  II, III and IV for the ternary, quaternary and high order systems, respectively. The alloying elements for multi-component solid solutions are purposely chosen, with an aim to identify the underlying roles of these elements in affecting elastic properties of superalloys. In particular, the strengthening effect of refractory and platinum-group metals, such as V, Mo, W, and Re were investigated. The compositions were chosen as follows: one major alloying concentration was kept as a constant, while others (up to 4 elements) were varied step by step. For instance, in Ni-3 at.% W-X 2 at. % Re-X 3 at. % Ru-X 4 at. % Mo-X 5 at. %Cr, the concentration of W was kept as 3 at. %, while the concentrations of other alloying elements X i were varied systematically in the range between 0 and 15 at. %, i =2 to 5. In this way, an elastic modulus-composition map has been constructed in the form of several property-composition tables. Young's modulus,
E(GPa)
A llo y in g e le m en ts Table II shows the calculated elastic constants and moduli for the ternary system. The base alloy Ni-6Re is chosen from Table I . The ternary alloy system is Ni-3Re-3X, i.e., one Re atom was replaced by an alloying atom X. It is noteworthy in Table II that alloying additions in the ternary alloys have little effect in further enhancing elastic constants and moduli. This phenomenon can be understood from the relationship between elastic moduli and the interatomic bonding strength [18], i.e., the bonding strength of NiRe atomic pair could be stronger than that between Ni and other alloying elements X. This relationship is evident for V, W and Mo additions in Ni-X binary solid solutions in Table I . Table III shows the calculated elastic moduli for the quaternary system. As for the ternary system, the alloys are in the form of Ni3Re-3Mo-3X. The maximum alloying concentration is around 10 at %. Compared to the binary and ternary systems, the shear and Young's moduli of the quaternary system are increased by about 9~15% in general. Table IV shows the calculated elastic constants and moduli for high order (5 and 6) Ni solid solutions. It was observed that high order alloying additions could slightly weaken elastic moduli compared to the quaternary system. This effect could arise from complex interactions between alloying elements in high order systems. These interactions depend on the detailed arrangements of alloying atoms presented in the grey circle positions in Figure 1(a) . As a result, the alloying effect on elastic moduli for individual additions observed in binary and ternary systems does not simply apply in the high order systems. It was found that for binary, ternary, quaternary and high-order (up to 5) Ni solid solutions, as the separations between these substitution solute atoms are beyond the first nearest neighbor distances shown in Figure 1 (a) by numbered grey circles 1, 2, 3 and 4, the calculated total energies of supercell systems are independent on the choice of locations for substitution atoms. Thus the elastic constants and moduli derived from the second derivative of the calculated energy are independent on the selection of location for a substitution element. In the case of 6-element Ni solute solutions, as the separations between the numbered 5 substitution atom and other solute atoms (numbered 1, 2, 3 and 4) are in the first neighbor range, the interaction between these solute atoms may have some effects on the calculated total energy of a supercell. The calculated elastic constants due to the exchange of location for substitution elements indicate that these effects are within 6.0%. A more systematic approach to this problem will require a combination of ab initio density functional theory and cluster variational methods (CVM) calculations, in which the latter method consider the entire arrangements of alloying atoms based on the energy minimization.
Alloying Effect on Solid Solution Strengthening
It is widely accepted that solid solution strengthening of alloys may involve several mechanisms [19, 20] . For elastic interactions between the strain fields of a solute and dislocations, Fleishcher [18] suggested that the degree of solid solution strengthening could be correlated with an interaction parameter defined as the combined effects of atomic size and shear modulus. However, Mishima et al [21] has demonstrated that the atomic size misfit and modulus misfit cannot completely explain the solid solution strengthening effect induced by transition metal elements. Thus, they proposed an electron valence mechanism to account for the extra strengthening effect. Later, Cottrell et al [22] introduced the mechanism related to electric interactions from the static electric filed of free electrons, while Morinaga et al suggested [23, 24] that the extra strengthening effect might come from the strong d-electron hybridization between solute and solvent atoms.
As a macroscopic measure of materials stiffness, elastic constants and moduli could provide useful information on interatomic forces and dislocation behavior related to Peierls-Nabarro stress. Clerc et al [18] proposed that the bulk modulus B could be used as a measure of average atomic bond strength because it has a strong correlation with the cohesive energy or binding energy of atoms in crystal. Assuming this correlation is also true for Young's modulus, it can be observed from Figure 2 (a) and Table I that V has the maximum bonding strengthening effect among 3d transition metals, while Mo and Re have the maximum bonding strengthening effect among 4d and 5d metals, respectively.
As shown in Tables II, III and IV, the quaternary alloying additions can achieve the best bonding strengthening effect in Ni solid solutions among the binary, ternary and quaternary systems. This is also true by comparing the quaternary system with the high order systems (up to 6). Therefore, alloying additions beyond four elements may not necessarily make more contributions to the enhancement of elastic moduli for Ni solid solutions. However, more alloying additions, particularly refractory alloying additions, could lead to stronger elastic interactions between the strain fields of solutes and dislocations, which results in larger solid solution strengthening effects from plastic yielding point of view [2] . Nevertheless, the new knowledge generated from this research could be useful for future design of advanced superalloys.
Conclusions
The effects of alloying additions on elastic properties of 60 purposely-chosen multi-compositions Ni solid solutions have been systematically investigated using ab initio density functional theory calculations. The calculated Young's modulus for binary Ni solid solutions containing 3d, 4d and 5d alloying elements from the periodical table present a similar trend as those from experimental observations. The quaternary alloying system shows the best strengthening effect in terms of elastic properties by comparison with the binary, ternary and high order systems. From plastic yielding standpoint, other strengthening mechanisms such as solute-dislocation interactions could play a more important role for alloying additions beyond the quaternary system 
